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very interesting as cracking of concrete 
is inevitable due to its rather low tensile 
strength. These cracks can lead to higher 
water ingress and easier gas and aggres-
sive ion penetration compared to an 
uncracked state, resulting in an increased 
risk for carbonation- and chloride-induced 
reinforcement corrosion. It was stated by 
Vaysburd and Emmons[6] that the coeffi-
cient of carbon dioxide ingress was three 
orders of magnitude higher for sam-
ples with a crack of 200 µm compared 
to uncracked concrete. When analyzing 
the effect of cracks on chloride ingress, 
Ismail et al.[7] noted that for crack widths 
between 80 and 100 µm the penetration 
orthogonal to the crack remained two 
times smaller than the penetration from 
the surface. However, for crack widths 
larger than 200 µm the chloride concen-
tration profile became identical to the 
one measured from the surface. In addition, Montes et al.[8] 
noticed that the corrosion rate for cracked concrete was up to 
ten times higher than for uncracked concrete with crack widths 
of 250 and 500 µm.
Autogenous healing of concrete cracks can result in a reduc-
tion of the chloride ingress as was noticed by Zhywen et al.[9] 
However, the autogenous healing efficiency depends on the 
composition of the concrete mix, the age at crack formation, 
the crack shape, etc. V-shaped cracks can easily be healed when 
the crack width remains limited. Zhywen et al.[9] found that for 
V-shaped cracks there is a critical crack width of around 70 µm, 
below which no ingress of chloride ions is noticed, while this 
was not the case for parallel cracks. They attributed this to 
the fact that parallel shaped cracks do almost not show autog-
enous healing. In order to improve the protection of the rebars 
through autogenous healing, Pei et al.[10] applied a cementi-
tious coating onto the rebar surface. Unlike epoxy coatings, fre-
quently applied on steel rebars and causing local pitting when 
a defect appears in the coating, this cementitious capillary crys-
talline waterproofing (CCCW) material is advantageous because 
of its demonstrated self-healing capabilities. In the presence of 
moisture, the coating material is able to undergo a continuous 
hydration reaction and to propagate into the concrete matrix. In 
this way, problems related to improper application and damage 
of the coating during construction can be circumvented.
Corrosion of steel reinforcement is one of the most detrimental attack mecha-
nisms for reinforced concrete structures. The presence of cracks, which are 
inextricably linked to reinforced concrete, accelerates this attack mechanism. 
The aim of this study is to heal cracks by an autonomous mechanism, which 
is triggered upon crack appearance. With an accelerated corrosion test on 
mortar samples with embedded reinforcement bars, it is shown that the 
presence of cracks indeed accelerates the onset and propagation of corrosion 
at the interface between the rebar and the cementitious matrix. Moreover, 
it is shown that crack healing in both the traditional, manual way and the 
proposed autonomous way, with an encapsulated one-component poly-
urethane, delays the onset and propagation of corrosion. The difference in 
corrosion behavior is proven by visual evaluation of the rebar surface and by 
X-ray radiographic analysis, which is proposed as a successful technique to 
evaluate the crack healing efficiency and more specifically the potential to 
delay corrosion.
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Corrosion
1. Introduction
Self-healing materials possess the interesting property to par-
tially or fully recover a functionality after damage.[1] Therefore, 
many researchers investigate nowadays whether self-healing 
functionalities can be implemented into polymers and compos-
ites,[2] ceramics,[3] metals,[4] cementitious materials,[5] etc. More 
specific, for cementitious materials, self-healing of damage is 
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Another way to improve the crack recovery rate can be 
obtained by embedding encapsulated agents in the cementi-
tious matrix, resulting in autonomous crack healing. Ford[11] 
used a sodium-silicate solution encapsulated by spherical 
microcapsules to protect the steel rebars against corrosion. 
When cracks appear, the healing agent is released, resulting 
in corrosion inhibition by two mechanisms. At the one hand, 
water transport is reduced as pores are filled when calcium 
silicate hydrates are formed due to the reaction of the released 
sodium silicate with calcium hydroxide. On the other hand, sili-
cates will deposit on the rebar surface forming a protective film, 
which may help to reduce the corrosion rate of the rebars.
While in the aforementioned study the mechanical action of 
crack formation is used to trigger the reinforcement protection 
mechanism, in the study of Xiong et al.[12] a chloride ion trigger 
is suggested. They made spherical capsules with a diameter 
of ≈2.5 mm with a shell of silver alginate, containing methyl 
methacrylate as core material. These capsules showed to be 
responsive to different chloride ion concentrations and released 
their content when exposed to a concentration of 0.1 wt%. 
Dry and Corsaw[13] also used a chloride ion trigger mecha-
nism. They wrapped the reinforcement bars with polyol coated 
porous hollow polypropylene tubes, which were filled with cal-
cium nitrite. As the polyol coating breaks down in the presence 
of chloride ions, this causes release of the calcium nitrite. They 
noted that when encapsulated calcium nitrite was provided the 
onset of corrosion was delayed compared to control samples 
and samples with mixed in calcium nitrite.
Approaches using the ingress of chloride ions as trigger 
can be very interesting as not only the capsules crossed by the 
crack but all capsules exposed to a certain chloride concentra-
tion around the crack will be activated. Moreover, as chloride 
ions can also spread through the concrete matrix, even without 
crack formation, prevention against chloride-induced corro-
sion is obtained when using these approaches. However, when 
carbonation-induced corrosion is feared, the aforementioned 
approaches will not be activated. Dong et al.[14] used poly styrene 
resin microcapsules containing a sodium monofluorophos-
phate corrosion inhibitor for which the pH value affected the 
release of the capsule’s content. This is relevant to the carbona-
tion process in concrete. As the carbonation process is going on, 
the pH value in concrete is reduced and the content of the cap-
sules is released. From the study of Kempl and Copuroglu,[15] it 
was shown that sodium monofluorophosphate in combination 
with blast furnace slag cement can not only result in corrosion 
inhibiting properties but can also result in self-healing of the 
carbonated matrix through recovery of the pH. However, while 
Dong et al.[16] noticed release of the corrosion inhibitor at pH 
values of around 7 (so triggered upon carbonation-induced cor-
rosion), for a pH value of around 13 (standard pH in concrete 
and thus pH value when chloride-induced corrosion would take 
place) no obvious damage was noticed on the surface of the 
microcapsules.
Within this study, the use of a mechanically triggered self-
healing approach is suggested. In the suggested approach, con-
crete crack formation causes breakage of embedded, tubular, 
brittle capsules, and release of the encapsulated healing agent 
into the crack. Subsequently, the healing agent hardens inside 
the crack and prevents the ingress of aggressive agents and 
thus prevents reinforcement corrosion. Although this approach 
requires crack formation to trigger the healing process, it is 
the only way to prevent the reinforcement surface against both 
chloride-induced and carbonation-induced corrosion which are 
both accelerated by crack formation. Moreover, the use of an 
expanding polyurethane (PU)-based healing agent has been 
suggested in order to make sure that the released healing 
agent fills the created cracks completely. As for realistic con-
crete structures, the crack orientation may differ with regard to 
the orientation of the reinforcement bars, the efficiency of the 
self-healing approach has been investigated for both cracks ori-
ented orthogonally and longitudinally with regard to the rein-
forcement bar. The efficiency of the self-healing mechanism, 
with regard to the prevention against reinforcement corrosion, 
was verified through visual evaluation and X-ray radiographic 
analysis during an accelerated corrosion test. Moreover, the effi-
ciency of the self-healing approach was each time compared to 
the efficiency of manual crack healing.
2. Results and Discussion
2.1. Visual Evaluation
In Figure 1, the sample surfaces of one representative sample 
from each test series are shown. For every sample, it was indi-
cated whether a moisture front was visible due to ingress of the 
sodium chloride solution via the crack or the matrix, whether 
the onset of rebar corrosion was noticed and whether crack 
formation of the matrix was seen due to the corrosion process. 
For each series it is indicated in Table 1 which fraction of the 
samples showed one of the previously mentioned degradation 
processes.
From Figure 1 and Table 1, it can be seen that for the sam-
ples with untreated longitudinal and orthogonal cracks, the 
sodium chloride solution immediately entered the crack and 
the moisture front reached the position of the rebars. Also for 
one out the three samples of the LC_CAPS series immediate 
moisture uptake was noticed (Table 1), indicating that for this 
sample autonomous crack healing seemed not perfect. After 
2 h of exposure to the accelerated corrosion test also the first 
signs of corrosion were seen for the samples where chloride 
ingress was noticed before. For the series with manually and 
autonomously healed longitudinal or orthogonal cracks the 
rebar was still intact after 2 h. Also for the UN series no signs 
of degradation were noticed when being exposed for 2 h. After 
4 h, even more corrosion products were noticed for the series 
with untreated longitudinal and orthogonal cracks (Figure 1). 
For one sample of the series with untreated longitudinal cracks 
corrosion had propagated to such a stage that also cracking of 
the mortar matrix was seen. After 6 h (Table 1) also one of the 
samples with a manually repaired longitudinal crack, showed 
signs of moisture ingress and corrosion. While at that time all 
samples with untreated cracks were cracked due to the corro-
sion process, no additional cracking was seen yet for the other 
test series. After 24 h (Table 1), only for the OC_MAN series, 
no sign of moisture ingress and corrosion was seen. At this 
time step also for one sample of the series LC_MAN, additional 
crack formation was seen. After 30 h, the situation was more 
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or less the same except that some additional samples started to 
show moisture ingress together with onset of corrosion. At this 
time also one out of the three samples with manually healed 
orthogonal cracks started to corrode. After 70 h (Table 1), it 
could be noticed that all of the samples were degraded in such 
a way that cracking of the mortar matrix occurred.
From the visual evaluation, it can be concluded that manual 
and autonomous healing of cracks with polyurethane delayed 
the ingress of aggressive agents, onset of corrosion and pre-
vented cracking due to corrosion within the timeframe of the 
experiment. While samples with manually healed cracks per-
formed sometimes better than uncracked samples, autonomous 
Table 1. Detection of moisture front, corrosion, or mortar cracking over time through visual evaluation (dark shaded bars indicate portion of samples 
showing the degradation process with regard to the total amount of samples (light shaded bar), (n = 3 per series).
Adv. Mater. Interfaces 2018, 5, 1701021
Figure 1. Visual evaluation of the rebars at the front side of the samples during the first 30 h of the accelerated corrosion test.
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crack healing also showed a big improvement but the healing 
efficiency remained lower compared to manual crack healing.
2.2. Qualitative Evaluation Using X-Ray Radiographic Images
While from the visual evaluation at the sample surface only 
information is gained about the formation of corrosion prod-
ucts at the outside of the sample, X-ray radiography allows 
to have a look at the inside and thus to visualize degradation 
due to corrosion at the interface between the rebar and the 
cementitious matrix and to visualize the reduction in cross 
section of the steel rebar due to corrosion. In Figure 2, radi-
ographic images are shown of one representative sample of 
each cracked and healed test series. Figure 2A,B, respec-
tively, show the radiographs of samples with longitudinal and 
orthogonal cracks. A gradient map was applied to elucidate the 
radiographs. The rebars, which highly attenuate the X-rays, 
are represented as a white circle and the mortar is seen as the 
red area around it. Less dense zones within the mortar matrix, 
such as air bubbles, cracks, and damage are represented in 
yellow. The gray narrow lines above the rebar are caused by 
the attenuation of the copper wire, which was used to make 
the electrical contact for the accelerated corrosion test. In addi-
tion, the formed corrosion products are also represented by 
gray spots.
From Figure 2A, it can be seen that at the start, the radio-
graphic images look similar. For the samples with manually 
and autonomously healed cracks one would expect to see some 
healing agent inside the crack. However, this is not noticed 
from the radiographs as the polymeric healing agent hardly 
attenuates X-rays and thus without additional image processing 
no discrimination can be made between an untreated crack 
and a crack filled with PU. After 2 h of accelerated corrosion, 
deposits of corrosion products can be noticed near the crack tip 
of the LC test series. This is in agreement with the visual evalu-
ation of the rebar at the side of the sample. Next to the deposi-
tion of corrosion products, pitting of the rebar occurred which 
can be seen as a darker spot at the bottom of the rebar where 
X-rays are less attenuated as the material disappeared. X-ray 
radiography thus seems to be very effective to visualize pitting 
of reinforcement. As the accelerated corrosion test evolves over 
time, more deposits are noticed for the LC series and the pitting 
corrosion process continues. The state of the LC_MAN sample 
remains unchanged for up to 30 h of accelerated corrosion. For 
the series LC_CAPS, from 24 h onwards, some deposits of cor-
rosion products are noticed at the right hand side of the rebar. 
The two latter findings are again in agreement with the conclu-
sions drawn from the visual evaluation. After 70 h, the samples 
of all test series showed severe corrosion. A lot of deposited cor-
rosion products can be seen and also cracking of the mortar 
matrix is noticed. For the LC series, the severe degradation 
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Figure 2. Radiographic images of one representative sample of the series with A) longitudinal and B) orthogonal cracks. Gradient map has been used 
to elucidate the radiographs (white, rebar; gray, copper wire and corrosion products; red, mortar matrix; and yellow, air in air bubbles, cracks, and 
damaged parts).
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even caused the lower half of the sample to break off. While for 
the samples of each test series a reduction of the steel cross sec-
tion is noticed, this reduction remains highest for the sample 
with the untreated crack, which started to corrode much earlier 
compared to the two other test series.
From Figure 2B, it can be seen that for the OC series from 
2 h onwards the edge of the lower half of the rebar becomes 
more and more blurry. This is caused by the fact that reinforce-
ment steel gets lost at the lower half of the rebar because this 
part is first exposed to the chloride solution via the crack. From 
6 h onwards also crack formation of the mortar matrix is seen. 
After 24 and 30 h exposure, loss of reinforcement steel at the 
lower half of the rebar, deposition of corrosion products and 
crack formation become really clear for this test series. For the 
OC_MAN and OC_CAPS series even after 30 h almost no dif-
ference can be noted compared to the initial rebar state. After 
70 h, for all test series severe degradation is noticed as a reduc-
tion in steel cross section and cracking of the mortar matrix is 
seen from the radiographs. However, again it can be said that 
this is most pronounced for the series with the untreated crack 
as for this series almost half of the steel section got lost and 
the cementitious matrix stated to degrade so heavily that the 
lower half of it completely broke off. Moreover, it seems that 
the series with autonomously healed cracks performed slightly 
better than the series with manually healed cracks in terms of 
loss of cross-section after 70 h.
From this experiment, it can be concluded that manual 
and autonomous healing of both longitudinal and orthogonal 
cracks delays the onset of corrosion and this in turn limits the 
decrease in reinforcement steel diameter over time.
2.3. Quantitative Evaluation Using X-ray Radiographic Images
To perform a quantitative comparison regarding the corrosion 
resistance for the series with longitudinal cracks, the reduction 
in reinforcement steel diameter due to pitting corrosion was 
measured from the radiographs. Therefore, the transmittance 
intensity was plotted along a line which was oriented vertically 
at the position of the crack (Figure 3). Due to the strong atten-
uation of the steel rebar, a sudden decrease in transmittance 
intensity is present at the interface between air or mortar 
matrix and the rebar. The location of this decrease was deter-
mined using a threshold value. Due to pitting, this sudden 
decrease in intensity shifted and was recalculated to a reduction 
in steel diameter.
The bar chart in Figure 3 represents the mean reduction in 
steel diameter for the test series with longitudinal cracks. For 
the samples with untreated cracks, the steel diameter is already 
decreased due to pitting after 2 h exposure to the accelerated 
corrosion test. When corrosion continues, reduction of the steel 
diameter goes on gradually. For the samples of series LC_MAN 
and LC_CAPS, the reduction in steel diameter is almost nihil 
and remains even slightly positive, due to the limited meas-
urement accuracy, during the first hours of the test. Only for 
the LC_CAPS series, after 24 h and 30 h exposure a slightly 
negative value, which means reduction of the steel diameter, is 
noticed. After 70 h, the samples of all test series started to cor-
rode and to show a decrease in steel diameter. However, this 
decrease was most pronounced for the samples with untreated 
cracks showing a decrease in diameter of 23%. The decrease 
in steel diameter for the series with embedded capsules only 
amounted half of this value (12%) and for samples with manu-
ally healed cracks this value only amounted to 8%.
It can thus be concluded that both manual and autonomous 
healing of cracks, longitudinal to the direction of the rein-
forcement, delay the onset of pitting with the efficiency being 
highest for manually healed cracks.
To compare the behavior of the samples with orthogonal 
cracks to the behavior of uncracked samples, transmittance 
intensity plots were made for each of these samples along 
three lines (Figure 4). These plots were made at the start of the 
experiment and also at different time steps during the acceler-
ated corrosion test. To prove the reproducibility, an investiga-
tion covering all samples of the different test series is shown 
in Figure 5. The results shown in Figure 5 were obtained by 
calculating the surface between the transmittance intensity plot 
at a given time step and the initial plot. As some scatter in the 
Adv. Mater. Interfaces 2018, 5, 1701021
Figure 3. Mean reduction in reinforcement steel diameter in function of time for samples with longitudinal cracks (error bars represent the standard 
error, n = 3). The reduction in diameter was obtained from transmittance intensity plots along the line indicated on the included radiograph.
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intensities of the mortar were noted over time, this surface cal-
culation was done for the points along line I, II, and III, which 
were initially positioned within the rebar.
Due to the high attenuation caused by the steel rebar almost 
no X-rays are able to go through it and the position of the rebar 
is represented as a black spot. Within this spot the transmit-
tance intensity along the indicated lines (I, II, and III) reaches 
values equivalent to zero (Figure 4). When focusing on line I, 
it is seen that the surface between the profile plots remains 
limited for all test series during the first 6 h of the accelerated 
corrosion test (Figures 4 and 5). However, after 24 h, a clear 
difference is noted between the profile plots obtained for the 
samples with untreated cracks compared to the initial profile, 
resulting in a significantly higher surface between both profiles 
in comparison with the other test series. This clearly indicates 
that for the samples of this test series, the edges of the steel 
rebar are dissolved by the corrosion process even at middle 
height of the rebar. After 30 h also for the samples with autono-
mously and manually healed cracks and even for the uncracked 
samples positive values are obtained when the surface between 
the profile plots is calculated. However, in comparison with 
the series with untreated cracks, the obtained values for the 
other test series remain significantly lower. This shows that 
after 30 h of accelerated corrosion, the rebars of all test series 
showed some signs of corrosion and material loss at half height 
of the rebars, but that for series without cracks or with treated 
cracks the damage remained lower compared to samples with 
untreated cracks.
Adv. Mater. Interfaces 2018, 5, 1701021
Figure 5. Mean value of the surface reduction between profile plots at certain time step and initial profile plot for lines I, II, and III (error bars represent 
the standard error, n = 3).
Figure 4. Profile plots of the transmitted intensity over time for one representative sample of each test series along three lines at different heights 
within the sample.
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When looking at the results obtained for line II, the afore-
mentioned considerations are even more clear (Figures 4 
and 5). Samples of series OC do show immediate signs of 
corrosion. However, until 6 h the obtained values for this test 
series are not yet significantly different compared to the values 
obtained for the other series. After 24 h exposure, the obtained 
mean value of 12.2 for this test series is significantly higher 
compared to the values obtained for the other test series. Again 
it is seen that after 30 h all series show some signs of corrosion 
but a significantly higher value is noted for the series with the 
untreated cracks. Sometimes a decrease of the transmittance 
intensity within the mortar is noted as corrosion products were 
deposited in the pores of the surrounding matrix causing a 
higher density and thus lower transmittance intensities within 
the X-ray radiograph of the mortar at this position (Figure 4).
As line III is located closer to the bottom of the rebar and thus 
is positioned closer to the chloride solution, much higher values 
are noted for the differences between the intensity at a certain 
time step and the initial intensity pattern (Figures 4 and 5). At 
this rebar height already from 6 h exposure onwards, signifi-
cant differences are noted when comparing the performance 
of the series OC with the performance of the other test series 
under investigation. After 30 h, an almost constant transmit-
tance intensity is noted at the position of line III for samples of 
series OC as the rebar went completely in solution (Figure 4).
From this experiment, it can be concluded that when cracks 
are oriented orthogonal to the reinforcement bar, both manual 
and autonomous healing delay the reduction in steel cross sec-
tion. In contradiction to the conclusion drawn from the visual 
evaluation, both manual and autonomous healing result in a 
performance which is comparable to or even better than for 
uncracked samples, again with the best performance obtained 
for samples with manually healed cracks.
3. Conclusions and Future Perspectives
From the outcome of this study it was proven that X-ray radi-
ography is a very useful technique to evaluate the efficiency of 
different crack healing approaches against corrosion based on 
the status of the interface between the rebar and the cementi-
tious matrix. Pitting of the reinforcement bar could be clearly 
noticed on the radiographs as the X-ray attenuation and thus the 
transmittance intensities changed during the corrosion process. 
However, it should be mentioned that without acceleration of the 
process it would be hard to detect the more realistic but also very 
tiny pits inside the rebars. Moreover, while in this study sound 
conclusions could be drawn from the 2D radiographs it would be 
much more difficult to detect reinforcement corrosion for real-
istic 3D samples by tomography. The reason for this is twofold: 
reconstruction of the sample requires rotation of the sample and 
thus X-rays going through the rebars, which will cause artifacts, 
moreover, for larger, more realistic sample sizes, it becomes 
much harder for the X-rays to travel through the material.
Autonomous healing of concrete cracks by encapsulated 
polyurethane is an efficient mechanism to prevent the ingress 
of chlorides into cracks and to delay the onset and propagation 
of corrosion. It was noticed that the point at which a moisture 
front was seen at the sides of the mortar samples, corrosion 
of the reinforcement bars started or cracks started to form in 
the mortar matrix were all delayed for samples with manually 
or autonomously healed cracks. The latter series performed 
almost as well as the uncracked series especially when samples 
with orthogonal cracks are considered. From the X-ray radio-
graphic analysis, it was clearly noticed that the reduction in 
steel section due to ingress of chlorides via the cracks and sub-
sequent corrosion could be prevented when cracks were manu-
ally or autonomously healed.
While mostly the best performance was obtained for manual 
crack healing, the authors believe in the benefit of autonomous 
crack healing. While for cracks in realistic concrete construc-
tions, manual crack repair only takes place when cracks are 
detected and aggressive agents possibly have already entered, 
autonomous crack healing is activated immediately after crack 
appearance. Even when not completely perfect the ingress of 
aggressive agents is immediately reduced when cracks are 
healed autonomously.
Although, in this study standardized cracks were introduced 
and the crack healing mechanism was triggered at the moment 
the metal plates were removed from the mortar, it should be 
mentioned that previous research has shown that the proposed 
self-healing mechanism is also triggered efficiently when real-
istic cracks are created.[17]
While the advantage of the used mechanical trigger is that 
it can protect the reinforcement against both chloride-induced 
and carbonation-induced corrosion, we have now only proven 
the efficiency in the case chlorides enter the cracked matrix. In 
future research, we aim to prove the efficiency of the proposed 
technique when carbonation-induced corrosion is feared. Within 
this study, we highly increased the corrosion rate by using a high 
chloride concentration and by applying a potential difference of 
15 V over the length of the rebar. While we realize that the use 
of this accelerated corrosion test influences the corrosion pro-
cess, we believe that it does not influence the evaluation of the 
healing mechanisms in the different test series. Nevertheless, 
in the future we plan to repeat similar experiments with more 
realistic chloride concentrations and without anodic polariza-
tion. In this and in previous studies, glass capsules were used to 
encapsulate the healing agent. However, in ongoing research we 
are searching for encapsulation materials, which have evolving 
properties. At first, these encapsulation materials should be flex-
ible so they can be added to the concrete during mixing, while 
upon concrete hardening they should become more brittle so 
they easily break when cracks appear.
4. Experimental Section
Self-Healing Mechanism: The self-healing mechanism that was used 
within this study consisted of capsules filled with healing agent, which 
were embedded in the cementitious matrix. The healing agent used, 
was a one-component, PU-based agent, which is commercially available. 
This agent was selected as it is developed for injection in microcracks 
and thus has a very low viscosity of ±200 mPa s at 25 °C. This makes 
it suitable to flow easily out of the capsules and into the cracks upon 
crack formation and capsule breakage. This one-component agent, which 
reacts upon contact with water, expands (≈12–18 V) and foams during 
the polymerization reaction, which allows it to fill the additional space 
which is created by the crack. In addition, the hardened polyurethane is 
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flexible and has a closed cell structure, which allows it to follow possible 
crack movements in realistic structures and which makes it inert for most 
corrosive environments. Although, alkaline repair materials may restore 
the protective layer of the reinforcement bar, causing a strong protection 
against corrosion, the polyurethane-based healing agent has been 
chosen because of its super low viscosity and ability to penetrate into 
microcracks. There is no chemical interaction between the polyurethane 
and the steel surface, but the polyurethane in the crack showed to prevent 
chloride solution penetration towards the rebar. It is also clear that the 
healing efficiency will depend on the adhesion of the healing agent onto 
the crack faces and the nature of this adhesion depends on the bonds 
formed at the interface. Although it is stated by Marukha,[18] that foaming 
polyurethanes form much weaker adhesive bonds with the cementitious 
matrix compared to unfoamable polyurethanes, the rapid reaction and the 
fact that the reaction of foamable polyurethanes can occur in the presence 
of water are important advantages for this study. More details with regard 
to the mechanical properties, curing kinetics, and adhesive properties 
of the polyurethane-based healing agent can be found in previous 
publications.[19,20] Tubular glass capsules with an inner diameter of 3.00 
mm, an outer diameter of 3.35 mm and a length of 35 mm were filled 
with the healing agent. First one end of the capsules was sealed by means 
of methyl methacrylate (MMA)-based glue. Then, the healing agent was 
injected in the capsules by means of a syringe with a needle after which 
the second end was sealed with MMA. These capsules were positioned 
inside the mortar samples and expected to break and trigger autonomous 
crack repair at the moment of crack formation.
Reinforced, (Cracked) Mortar Samples with(-out) Self-Healing Properties: 
Smooth reinforcement bars with a diameter of 8 mm were used to 
reinforce the samples. The bars were degreased and positioned along 
the length and in the center of 40 mm × 40 mm × 160 mm molds. 
Before placement of the mortar, actions were taken to provide some of 
the test series with standardized cracks and self-healing properties.
Self-healing properties were obtained by positioning the capsules 
filled with healing agent inside the molds. Therefore, nylon wires were 
connected to the sides of the mold at a distance of 12 mm below the 
top of the mold. Capsules were attached to these wires in order to fix the 
position of the capsules within the mortar samples. For the test series with 
longitudinal cracks (see further), one couple of wires was fixed between 
the sides of the mold 160 mm away from each other and three tubes were 
positioned onto these wires at the positions shown in Figure 6A. For the 
Adv. Mater. Interfaces 2018, 5, 1701021
Figure 6. Preparation of the reinforced mortar samples with self-healing properties containing A,C,E) longitudinal or B,D,F) orthogonal cracks. 
A,B) Positioning of the capsules with healing agent onto the plastic wires. C,D) Positioning of the metal plates into the fresh mortar in order to obtain 
standardized cracks. E,F) Sawing of the mortar prisms in slices in order to obtain the final test samples.
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test series with cracks orthogonal to the direction of the steel bars (see 
further), three couples of wires were fixed between the sides of the mold 
40 mm away from each other. On each couple of wires 4 capsules with 
healing agent were positioned as shown in Figure 6B.
Standardized cracks were obtained by placing metal plates with 
a thickness of 300 µm inside the mortar at the moment the samples 
were prepared. Part of the samples had longitudinal cracks to investigate 
the influence of cracks oriented along the rebar on the sensitivity 
to corrosion initiation. In that case one metal plate with a width of 
160 mm was oriented in the same way as the rebar and placed in the 
middle of the mold at a depth such that the plate just reached the rebar 
(Figure 6C). The glass capsules (if present) were positioned through 
these plates. Therefore, three holes with a diameter of 3.5 mm, where 
the capsules went through, were introduced in the metal plates before 
placement.[21] Other test series were provided with cracks, which were 
oriented orthogonally with respect to the reinforcement direction as 
these cracks do appear a lot in reinforced concrete structures. In this 
case, half circular shaped notches with a diameter of 8 mm were drilled 
at the bottom of the plate so that the 40 mm wide plate could be 
inserted until a depth of 20 mm (Figure 6D). Again, if capsules were 
present, these went through the plates so in addition to the notch, four 
holes were drilled in each plate where the capsules went through.
After preparation of the molds, the mortar mixture was made. Mortar 
with a sand to cement ratio of 3:1 and a cement to water ratio of 2:1 
was used. The molds were filled with mortar carefully in order to prevent 
breakage of the capsules and movement of the plates used to obtain 
standardized cracks. Afterwards, the molds were placed in an air-
conditioned room with a temperature of 20 °C and a relative humidity of 
more than 90%. One day later, all samples were demolded and the metal 
plates were removed. Finally, the samples were placed in the same air 
conditioned room until the time of testing.
To obtain the final test samples, about 1 mm of the troweled surface 
(containing the crack mouth) was sawn off to obtain a smooth test face 
and the ±40 mm × 40 mm × 160 mm prisms were sawn into several 
±40 mm × 40 mm slices with a thickness of about 10 mm (Figure 6E,F). 
For samples with longitudinal cracks, the slices were obtained at the 
position of the capsules. In case of samples with orthogonal cracks, the 
slices were obtained in such a way that the crack was positioned in the 
middle of the slice.
Finally the test series, as listed in Table 2, were obtained.
Crack Formation: Standardized cracks were obtained by removing the 
metal plates at the time of demolding. This technique allowed to have 
similar cracks with a crack width of 300 µm and parallel crack faces for 
all of the samples.[21]
Crack Healing: For part of the test series (OC_MAN and LC_MAN), 
cracks were healed manually through injection of the one-component 
healing agent into the crack by means of a syringe with a needle. 
Injection of the cracks was repeated several times until they seemed 
to be completely filled with the healing agent. For the tests series with 
the embedded capsules (OC_CAPS and LC_CAPS), crack healing was 
obtained in an autonomous way. At the moment the metal plates were 
removed to create the crack, the glass capsules were broken. Due to 
breakage of the capsules, the healing agent was released inside the crack 
and cured upon contact with water available inside the mortar matrix. As 
the reaction time of the healing agent amounts less than 10 min at 25 °C, 
the healing agent was completely cured before samples were exposed 
to the accelerated corrosion test. For the samples with longitudinal 
cracks, one capsule was crossing the crack of every final sample, while 
for the samples with orthogonal cracks, four capsules were crossing the 
crack of the final test samples. The amount of capsules chosen to cross 
every crack type was in agreement with the difference in crack volume 
to be healed (10 mm × 16 mm × 0.3 mm for longitudinal cracks and 
40 mm × 20 mm × 0.3 mm for orthogonal cracks).
Accelerated Corrosion Test: In this study, corrosion of the rebar 
was induced by the ingress of chlorides via the cracks and/or the 
cementitious matrix. Therefore, the bottom (cracked) side of the test 
samples was exposed to a chloride solution with a concentration of 
165 g NaCl L−1. It was decided to use such a high chloride concentration 
in order to speed up the corrosion process as it is also done for an 
accelerated chloride diffusion test according to NT Build 443. To obtain 
unidirectional ingress of the solution into the samples, the lower part of 
the samples was covered 10 mm high with aluminum butyl tape in such 
a way that only the bottom side of the sample came into contact with 
the solution. Exposure to the chloride solution was performed by placing 
each sample in a separate container with a lid. The top side of the 
Table 2. Test series under investigation.
Series code Description
UN Uncracked samples
OC Samples with untreated crack orthogonal  
to the reinforcement bar
OC_MAN Samples with manually healed crack orthogonal  
to the reinforcement bar
OC_CAPS Samples with autonomously healed crack  
orthogonal to the reinforcement bar
LC Samples with untreated crack longitudinal  
to the reinforcement bar
LC_MAN Samples with manually healed crack longitudinal  
to the reinforcement bar
LC_CAPS Samples with autonomously healed crack longitudinal 
to the reinforcement bar
Figure 7. Test setup used for the accelerated corrosion test.
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samples was glued onto the lid and the solution level in each container 
was the same so that the submersion level was equal for all samples 
(Figure 7). Like in the study of Michel et al.,[22] further acceleration of 
the corrosion process was obtained by anodic polarization. By using this 
technique, a potential difference is applied over the length of the rebar. 
This was done by connecting the rebar (working electrode) to the anode 
of a DC regulator by means of an insulated copper wire, which was 
attached to the rebar at one side (back side in Figure 7) of the sample. 
As counter electrode, a stainless steel mesh was placed at the bottom 
of the container, inside the chloride solution. The counter electrode was 
connected to the cathode of the DC regulator. The electrical connection 
between the working and the counter electrode was realized by the 
chloride solution in which the samples were submersed (Figure 7). 
The potential difference applied during the accelerated corrosion test 
amounted to 15 V. The applied potential difference will certainly exceed 
the natural condition, however, as the main aim of this study is to 
determine and compare the efficiency of manual and autonomous 
crack healing and to find out to what extent the corrosion initiation can 
be delayed due to crack healing, we believe that the applied potential 
difference is acceptable. Moreover, the order of magnitude of the applied 
voltage difference is comparable to values reported in literature.[23,24] 
The accelerated corrosion tests were performed for 70 h.
Visual Evaluation: During the accelerated corrosion test, rebars were 
inspected visually from the front side of the sample at regular time steps. 
In order to allow clear visualization of the rebars, a circular opening 
was provided inside the plastic containers (Figure 7). In addition, these 
openings prevented condensation at the sides of the plastic containers, 
which certainly had to be avoided for both the visual evaluation and for 
the X-ray radiographic measurements.
X-ray Radiographic Analysis: X-ray radiography was used to evaluate 
the self-healing efficiency, more specifically the delay in corrosion at the 
rebar–cementitious matrix interface. X-ray radiographic measurements 
were performed at the center for X-ray tomography at Ghent University 
(UGCT)[25] using the cone beam setup of the HECTOR scanner.[26] An 
aluminum filter of 1 mm thickness was employed to block low-energetic 
X-rays at the source to reduce beam hardening effects. The X-ray tube 
was set to an accelerator voltage of 200 kV and a power on the target 
of 20 W. The source-detector distance was 1250 mm and the source-
object distance 110 mm, resulting in a pixel size within the object of 
≈20 µm. Before each radiographic scan, one dark-field (no X-ray beam) 
and one flat-field (no sample) image was acquired, in order to correct 
for inhomogeneities of the detector and X-ray beam. Two radiographic 
images were taken from all samples before starting the accelerated 
corrosion test. One image before the chloride solution was put in the 
container and a second image immediately after the solution was poured 
into the container. Like in the study of Michel et al.,[22] radiographic 
scans were taken at different time steps during the accelerated corrosion 
test. Scan were takes after 2, 4, 6, 24, 30, and 70 h exposure. In this 
study, the accelerated corrosion test was performed outside the shielded 
bunker because the X-rays would harm the DC regulator. As it is 
very important that the sample is at exactly the same position for all 
subsequent radiographic scans to allow to calculate differential images, 
a setup was developed which allowed to position the samples at exactly 
the same location over time.
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